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Abstract:Co-seismic strain changes of the Wenchuan Mw7. 9 earthquake recorded with three four-component 
borehole strainmeters showed NW -SE and roughly EW extensions, respectively, at two locations in the interior 
and northern part of Tibetan plateau , and NS shortening at a location south of the epicenter, in agreement with 
the tectonic stress field of this region. The observed values of as much as 10 _, are , however, larger than theo-
retical values obtained with half-space and spherical-earth dislocation theories, implying the existence of other 
effects, such as local crustal structure and initial stress. 
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1 Introduction 
Tibetan plateau is a unique natural laboratory for stud-
ying continent deformation and collision -thrust faulting 
processes. The continuing northward movement of the 
Indian plate into the inhomogeneous Tibetan crust fol-
lowing the collision of the Indian and Eurasian plates 
has caused uplift and deformation of the Tibetan plat-
eau , creating a typical convergent tectonic deformation 
zone surrounding the plateau. Materials inside the plat-
eau move roughly eastward at a speed that is progres-
sively larger eastward, and then flow southward around 
the eastern end of the Himalayas [ 11 • At the eastern 
edge of the Tihetan plateau, the Longmenshan thrust 
zone consists maiuly of three faults and associated 
fault-propagation folds, thrusting southeastward over 
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the Sichuan rigid massif. This zone is approximately 
60 km wide , constituting the topographic boundary be-
tween the eastern Tibetan plateau and the Sichuan ba-
sin. The total vertical slip rate is about 1 - 2 mml a, 
and the convergence rate across the thrust zone is in-
ferred to be 4 -6 mml a [Z] , which is consistent with 4 -
8 mm/a['1and 6. 7 ±3. 0 mm/a[•J shown by GPS data. 
The Wenchuan earthquake , which occurred in the 
Longmenshan thrust zone on May 12, 2008 , killed 
69227 people and injured 370000 others, being the 
greatest seismic disaster in China since the 1976 Tang-
shan earthquake. It was characterized maiuly by thrust 
motion with right-lateral-strike slip. Post-earthquake 
investigations showed that two of the three faults, the 
Yingxiu-Beichuan and the Guan:xian-Jiangyou, were 
involved in the rupture process. These ruptures propa-
gated northeastward along the front of the mountain 
range for about 240 km and 70 km, respectively, with 
a maximum measured dip-slip and strike-slip on the 
earth ' s surface of about 6 m and 5 m, respectively. 
Subsequent GPS observations [sJ revealed that the Ti-
betan plateau moved eastward and the Sichuan basin 
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moved westward co-seismically, indicating that the 
earthquake was a manifestation of eastward expansion 
of the Tibetan plateau driven by the continuous conver-
gence between the Indian and Eurasian continents. 
Strain observation is complementary to GPS observa-
tions , for it can detect co-seismic changes in far field 
where GPS cannot. Co-seismic strain changes ( CSCs) 
have frequently been observed before and after great 
earthquakes , such as the 1964 Alaskan [ 6 ] , the 2001 
Kunlun[?], and the 2004 Sumatra[8J. In this paper, 
we present esc data of the 2008 w enchuan earthquake 
at three stations in eastern , interior, and northern parts 
of the Tibetan plateau. These data provide important 
constraints for studying the mechanism of this earth-
quake and, together with GPS observations and rupture 
investigations , may enhance our understanding of the 
effects of the earthquake on the deformation field of the 
whole Tibetan plateau. 
2 Data and analysis 
2.1 Data 
The epicentral distances of the three stations were a-
bout 140,700 and 1000 km, respectively (Tab. 1 and 
Fig. 1 ) . The continuous four-component capacitance-
type strainmeters were installed in bore-holes at depth 
of 40 meters[ 9J ; they had a dynamic sensitivity of as 
high as 3 X 10 -u in the frequency range of DC to 20 
Hz[IO] , a daily drift of 5 X 10-9 , and a sampling inter-
val of one minute. Figure 2 shows data observed a-
round the time of the earthquake between 12 : 00 and 
18 :00 on May 12,2008 at these stations. 
2. 2 Tidal analysis 
To assess data quality and calibration, we undertook a 
harmonic analysis by calculating tidal factors ( ratios of 
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Figure 1 Tectonic map of the Tibetan Plateau and major 
principal CSCs ( gray arrows) of the 2008 W enchuan 
earthquake ( star) at three stations (triangles) . Broken 
lines indicate main faults of Tibetan Plateau; open 
arrows , relative motion of the plateau with respect to 
the stable Eurasian plate 
observed to theoretical tidal-component values ) and 
phase lags ( of observed tides behind theoretical) . We 
studied the strain data during a two-week periods of 
May 6 - 20 , 2008 ( Fig. 3 ) for tides 01 , K1 , M2 , 
S2, and M3 , respectively, by using the Baytap-G soft-
ware[11J. 
The calculated tidal factors and phase lags of differ-
ent data sets are different( Tab. 2) , reflecting heteroge-
neity and anisotropy of local crustal structure, different 
degrees of coupling between the meter and the host 
rock , and difference in data quality. The phase lags 
for Guza-2 (component 2 at Guza station) and Gol-
mud-1 are especially large, greater than 90 degree for 
01 , M2, and S2 of Guza-2 and for 01 , K1 , S2, and 
M3 of Golmud -1. According to the degree of misfit , 
which is called standard deviations in table 2 , we dis-
carded the worst data at Guza-2, Yushu-1, and Gol-
mud-3, and used only high-quality strain data in the 
other three directions at each station. 
Table 1 Locations of tbe tbree borehole strainmeters and directions of tbeir four components 
Latitude Longitude Direction Station (degree) (degree) 2 3 4 
Guza 30.11 102. 18 N52°E N97°E N38°W N7°E 
Yushu 33.01 97.02 N44°W N1°E N46°E N91°E 
Golmud 36.43 94.87 N28°E N73°E N62°W N17°W 
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Figure 2 Time series of strain data, including CSC , ( in units of hours) observed with the three four-component 
borehole strainmeters (in order of component 1 -4 during 12:00 - 18:00 on May 12,2008) 
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Figure 3 Strain data during May 6 - 20 , 2008 , in the order of components 1 - 4 , showing tidal variations and co-seismic jumps 
on May 12. The jumps on May 10 at Guza were caused by instrument adjustment 
2. 3 Co-seismic strain steps and major principal 
strain changes 
We used the least-squares method to fit the data before 
and after the earthquake with two lines to determine the 
co-seismic changes ( 14 : 28 : 20 at Guza , 14 : 30 : 20 at 
Yushu and 14 :31 :20 at Golmud) , as shown in figure 
4 and table 3. In this study, post-seismic changes 
within 6 hours after the earthquake were included in 
the CSC. However , the oscillatory data caused by seis-
mic waves during 14:28 -15 :30 were discarded. 
Figure 1 shows the resultant major principal CSCs, 
which are as large as severallO -? at Guza and Yushu, 
and generally decrease with increasing epicentral dis-
tance. They indicate a NS compression at Guza ,located at 
the boundary of the Tibetan plateau and Sichuan basin , 
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Table 2 Results of tidal analysis of the strain data during May 6 -20, 2008, using software Baytap-G. 
( Smaller standard deviation means better data) 
Standard Factor Phase Lag 
Component 
deviation 01 M2 M3 K1 S2 01 S2 M3 K1 M2 
0.112 
2 0.123 
3 0.112 
4 0. 013 
0.23163 0.26895 0.22620 0.37679 1.09257 -23.451 -28.237 -38.600 -71.515 -66.684 
0. 14169 0. 19913 0. 79211 1. 07434 1. 01517 -107. 371 -74. 926 -174. 916 -164. 992 -69.086 
Guza 
0.61486 0.64279 0.51117 0.39277 1.39864 -34.295 -32.664 5.275 -12. 295 -51. 916 
0. 08910 0. 08934 0. 09134 0. 08282 0. 12495 -31.639 -32. 060 7. 863 -1.587 -17.598 
0.109 
0.092 
0.085 
1.64897 1.70735 1.28618 0.94514 1.29937 -15.681 -17.503 18.348 9.133 0.620 
2 
Yushu 
3 
0.27023 
0.94866 
0.26478 
0.88662 
0.97947 
0.98126 
0.90076 
0.89163 
0.80970 
1.00564 
-38.797 -42. 121 11.032 7. 372 -10.302 
11.609 10.775 -11.219 -27.013 -58.357 
4 0.102 1.60775 1.61892 0.92264 0.82955 1.21841 -6.438 -9.465 -13.641 -39.250 -31.519 
Golmud 
0.048 
2 0.034 
3 0. 052 
4 0.028 
0.44015 0.47267 0.11493 0.34972 1.13538 
0.87884 0.86636 0.68194 0.79240 0.84540 
2.24439 2.22134 0.49049 0.25954 0.29715 
164.188 -179.228 -72.658 -132.949 -165.297 
-6.909 -10.724 -41.444 -58.732 -81.243 
3.381 1.063 7.433 -22.818 -170.525 
0. 72919 0. 77950 0. 41785 0. 24578 0. 48884 -44.828 -48. 102 33.791 67.748 142.536 
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Figure 4 A co-seismic strain step of the 2008 W enchuan 
earthquake ( in units of days and 10 -to ) 
18 
and NW -SE and EW extensions at Yushu and Golmud 
located in interior and northern Tibetan plateau , re-
spectively. Our observation is consistent with some 
previous GPS observations[5Jwhich showed an eastward 
co-seismic movement of the Tibetan plateau together 
with a westward movement of the Sichuan basin. 
3 Theoretical calculations 
3.1 Fault models and dislocation theories 
Many models have been proposed for the W enchuan 
earthquake faulting. For instance, Chen displayed a 
model obtained from teleseismic-wave inversion on web 
pages of U. S Geological Survey ( http :I I earthquake. 
usgs. gov/ earthquakes/ eqinthenews/2008/ us2008ryan 
/finite_fault. php) soon after the earthquake. Zhang, et 
al[ 12 l described a model obtained from inversion of oth-
er seismic-wave data. Wang, et al [ 13 l derived a more 
realistic two-fault model from inversion of teleseismic 
waveforms, local geodetic data, and the surface rup-
tures. This model showed that the earthquake was char-
acterized mainly by simultaneous thrust and somewhat 
smaller right-lateral-strike slips along two faults, the 
Table 3 Observed co-seismic strain changes of the 2008 Wenchuan earthquake 
(data of Guza-2, Yushu-1, and Golmud-3 were not used because of poor quality) 
Components ( 10 -!0 ) Major principal CSCs 
Station 
2 3 4 Amplitude ( mm) Orientation ( deg. ) 
Guza -854 228 -2386 -2455 14 
Yushu 835 -510 960 2306 135 
Golmud -45 382 219 655 111 
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Yingxiu-Beichuan and the Guanxian-Jiangyou. The es-
timated maximum slips were as much as 12 -12. 5 m 
under the cities of Yingxiu and Beichuan, which were 
damaged severely. Shen, et al 1141 inferred co-seismic 
faulting geometry and slip distribution by inverting GPS 
and Interferometric Synthetic Aperture Radar ( InSAR) 
data. Their result showed a change of fault geometry 
and slip direction , from moderate NW dipping and pre-
dominandy thrusting in the southwest to nearly vertical 
and strike-slip in the northeast. Peak slip occurred at 
the intersections of fault segments near Yingxiu, Bei-
chuan and Nanba, where the fatality and damage were 
most severe. Feng, et al[ 151 did a similar study, and 
found maximum thrust-slip near the surface of as much 
as 6. 7 m at two locations near Yingxiu in the south and 
Beichuan in the center of the rupture , a maximum 
strike-slip of over 4 m near Pingtong and Nanba near 
the northern end of the rupture , and a decreasing ratio 
between thrust and strike slip from 1. 5 in the SW to 
0. 7 in the NE along the Beichun fault. Based on a lay-
ered -crustal structure and a homogeneous half -space 
earth model, Xu, et al[ 16 ' 171 found that the seismic mo-
ment of the Wenchuan earthquake was 8:19 X 1020 
Nm (Mw7.91), which was slighdy larger than that of 
a homogeneous-crust model ( Mw7. 87). In this study, 
we used the fault model of Wang, et al 1131 to calculate 
the theoretical CSCs and to compare the results with 
our actual observations. 
Regarding dislocation theories used in calculating 
CSCs, Okada1181 summarized previous studies and pres-
ented a complete set of analytical formulae, which has 
been applied widely because of its mathematical sim-
plicity. However, its validity is stricdy limited to near 
field , because the Earth ' s curvature and radial hetero-
geneities were iguored. Pollitz11' 1 used a layered spher-
ical earth and normal mode technique , but iguored the 
Earth's self-gravitation. Sun, et al 1161 presented a dis-
location theory for a spherically symmetric, non-rota-
ting, perfecdy elastic, and isotropic ( SNREI) earth 
that considered the effect of Earth ' s layer structures 
and self-gravitation. The spherical dislocation theories 
of Pollitz1151 and Sun, et al1"'1 are useful for locations 
far and near, but because their method is numerical 
the accuracy for the extreme near field is not high. At 
present, it is best to use Okada' s method 1181 ( HDTO) 
for the near field, and that of Sun, et al 1"'1 ( SDTS) for 
the far field. In this study, we used both methods and 
compared the results with each other, as well as with 
the observed CSCs. 
3. 2 Theoretical CSCs for the Wenchuan earth-
quake 
Based on the fault model of Wang et al11' 1 , we calculat-
ed the CSCs in the earthquake-source region, using u-
niform grids based on both SDTS and HDTO , the 
1066A earth model 1211 and the homogeneous half-space 
earth model. Figure 5 shows contour maps of strain 
changes in the order of EW, NS , NE-SW, and NW -SE 
directions. The calculated CSCs are largest along the 
rupture plane , but decrease rapidly with distance from 
the fault. The theoretical CSCs based on SDTS show 
similar distribution patterns as those based on HDTO 
but are much smaller, ouly 30 -100% as large (Tab. 
4) , especially at greater distances. The differences are 
attributable to the effect of Earth ' s curvature , layer 
structures , and self -gravitation, and also numerical er-
rors in the extremely near field. 
To investigate the relative discrepancies between re-
sults of the two algorithms, we used the following sim-
ple formula. 
en:I .. tive 
BsDTS - BHDTO 
BsiYI'S 
( 1) 
where BSDTS denotes theoretical CSCs by SDTS; BHDTO, 
those by HDTO. Figure 6 shows Bre~. ... of CSCs in the 
EW orientation near the epicenter, as an example. The 
distribution pattern of Bre~.ti.o is controlled strongly by 
that of BsDTS : Small value of BsDTS in the denominator in 
Equation ( 1) tends to amplified Bre~.••• artificially, ren-
dering it meaningless. Thus we should investigate 
erelative where BsDTS is large. Figure 6 shows that ignoring 
the effects of Earth ' s curvature , layered structures , 
and self-gravitation can cause a 100 - 200% error in 
CSCs, which is much greater than estimated by previ-
ous studies (about 30% , e. g. 1" 1 ) • Although erebti., 
values are smaller near the fault, they are still signifi-
cant, probably caused by the layered structure of the 
earth and numerical errors of SDTS due to poor accura-
cy of Green function used in this method. Therefore , 
in far field , it is important to use dislocation theories 
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Figure 5 Contour maps of theoretical CSCs for the 2008 W enchuan earthquake ( star) based on the fault model presented 
by Wang et al[ 14l. Solid lines indicate extension; broken lines, shortening. Maps on the left show results of SDTS[20J; 
on the right, those of HDTO[lsl. Different maps on each side represent strain changes in different directions. 
The gray area represents the fault plane; triangles , station locations 
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Table 4 Observed and calculated CSCs of the 2008 Wenchuan earthquake( unit:lO -to) 
Component - 1 Component - 2 
Station 
Obs. SDTS HDTO Obs. SDTS 
Guza -854 311 644 
Yushu 835 -28 
Go !mud -45 -10 -20 382 8 
90" E 95" E 100" E 105" E 110" E 
Figure 6 Dimensionless relative discrepancy Brelative ( strain 
along the EW direction) between the results of SDTS and 
HDTO. The broken and continuous contour lines show 
negative and positive BreJative, respectively. The black 
star indicates the epicenter; the gray area, the fault 
plane; the black triangles, strainmeter locations 
for a layered spherical-earth model instead of a homo-
geneous half-space earth model. 
3. 3 Comparison of observed and calculated CSCs 
As shown in table 4 , the theoretical CSCs are generally 
smaller than the observed values ( particularly for 
Yushu and Golmud ) , perhaps because local crustal 
structure and the initial stress of the Tibetan plateau 
were not considered in the calculations. The disloca-
tion theory using either a half-space earth model or a 
spherical earth model cannot explain the observed 
CSCs as well as they can explain the co-seismic dis-
placements. This is because strain is a derivative of 
displacement, and is thus more sensitive to local struc-
tures. 
4 Conclusion 
Strain observation can provide information of co-seismic 
deformation in far fields , where the displacements are 
too small to be observed by GPS method. We studied 
co-seismic strain changes of the 2008 Wenchuan earth-
quake recorded at three stations on Tibetan plateau ; 
Component - 3 Component - 4 
HDTO Obs. SDTS HDTO Obs. SDTS HDTO 
228 -539 -1163 -2386 170 678 
-55 -510 16 36 960 95 251 
19 219 12 40 
the result showed a sudden EW extension in northern 
plateau and a NW -SE extension in the plateau' s interi-
or, in agreement with GPS observations and rupture in-
vestigations[S,!3l. 
By using fault model by Wang , et al [ !3] and both the 
spherical dislocation theory of Sun, et al [2o] and the 
half-space dislocation theory of Okada[ISJ ( SDTS and 
HDTO, respectively) , we calculated the CSCs of the 
earthquake at the three observation sites. The theoreti-
cal values are generally smaller than the observed val-
ues. The difference is probably due to lack of consider-
ation of local structure and initial stress of the Tibetan 
plateau. 
The theoretical results of SDTS and HDTO showed i-
dentical esc patterns but different values. This differ-
ence is attributable to the effects of Earth ' s curvature , 
layer structures, and self-gravitations, which are in-
creasingly larger (by 100 - 200%) at larger distance 
from the fault plane. Therefore, to calculate CSCs in 
far fields, it was important to use SDTS, not HDTO. 
Acknowledgments 
We thank the crews of the Earthquake Administration 
of Sichuan province and Qinghai province , CEA for 
collecting high -quality strain data. We thank Dr. 
Wang W. for providing us with their fault model. We 
also thank Dr. Qiu Z. for providing us with the direc-
tion information of the strainmeters. 
References 
[ 1 ] Zhang Peizhen , et al. Continuous deformation of Tibetan Plateau 
from positioning system data. Geology, 2004 , 32 ( 9) :809 - 812. 
( in Chinese) 
[ 2] He H and Tsukuda E. Recent progresses of active fault research in 
China. Journal of Geography, 2003, 112 ( 4) :489 -502. 
[ 3] Zhang P, Wang Q and Ma Z. Features of contemporary tectonic de-
formation and GPS velocity field in Qinghai-Tibetan Plateau. Earth 
Science Frontiers, 2002, 9(2) :442-450. (in Chinese) 
No.3 
Fu Guangyu,et al. Co-seismic strain changes of Wenchuan Mw7. 9 earthquake 
recorded by borehole strainmeters on Tibetan plateau 49 
[4] WangQ,Zhang P,NiuZ,et al. Contemporlll}' crustal movement 
and tectonic deformation in China continent. Science China Earth 
Soience, 2001, 31(7) ,529-536. (m Chi .... ) 
[ 5 ] Zhang P, et al. Co-seismic displacements of the 2008 W enchuan 
emhquake (M.S.O) detected by GPS. Science China Earth Sd· 
ence,2008, 38(10) ,1195-1206. (m Chme .. ) 
[ 6 ] Press F. Displacements , strain , and tilts at teleseismic distances. 
J Geophys He •.• 1964, 70,2395-2412. 
[ 7 ] Qiu Z and Shi Y. Application of observed strain steps to the study 
of remote earthquake stress triggering. Acta Seismologica Sinica , 
2004, 17(5) ,534-541. (in Chme,.) 
[ 8] Araya A, Morii M, Hayakawa H, et al. A strain step observed by a 
laser straimneter in Kamioka. Earth,2006, 56:104 -110. (in 
Japanese) 
[9] Qiu Zelma, Tang Lei, Zbou Longshou,et al. Observed strain chan-
ges from 4-component borehole strainmeter network before 2008 
Wenchuan earthquake. Journal of Geodesy and Geodynamics, 
2009, 29(1) ,1-5. (in Chine•e) 
[10] ChiS. A capacitance-type bore-hole strainmeter for earth strain-
stress measurements. Earthquake, 1985, 3:18 -22. (in Chi-
nese) 
[11] Ishiguro M and TIUDUI'a Y. BAYTAP-G in TIMSAC84. Computer 
science monographs, 1985, 22:74 -77. 
[12] Zhang R,Feng W,Xiu L,Zhou C and Chen Y. Rupture process 
of the 2008 Wenchuan earthquake. Science China Earth Science, 
2008, 38(10),1186-1194. (mchi .... ) 
[13] Wang W,Zhao L,Li J ond Yao Z. Rupture""""""' of the M•I!.O 
Wenchuan earthquake of Sichuan , China. Chinese J Geophys. , 
2008, 51(5) ,1403-1410. (m Chineoe) 
[ 14 ] Shen Z , Sun J , Zhang Z , et al. Slip maxima at fault junctions and 
rupturing af bmriers during the 2008 Wenchuan earthquake. Na-
ture Geoscience, 2009, 2:718 -724. Doi: 10. 1038/ngeo636. 
[15] Feng G,Hetland E A, Ding X,et al. Co-seismic fault slip af the 
2008 Mw7. 9 Wenchuan earthquake estimated from ln.S.AR and 
GPS measurements. Geophys Res Lett. , 2010, 37: W1312, doi: 
10.102912009GUl41213. 
[16] Xu C,Liu Y and Wen Y. Mw7.9 Wenchuanearthquak:eslipdis-
tribution inversion from GPS measurments. Acta Geodaetica et 
Gartogaphioa Sinioa, 2009, 38(3), 195 -201. (m Chineoe) 
[ 17 ] Xu C , Liu Y , Wen Y and Wang Y. Co-seismic slip distribution af 
the 2008 Mw7. 9 Wenchuan earthquake from joint invenrion af 
GPS md InSAR data. Bull Sci•m Soc Am. ,2010,100 (5B), 
2736 -2749. 
[ 18] Okada Y. Sudace deformation due to shear and tensile faults in a 
half-space. Bull Seism Soc Am. , 1985,75: 1135 -1154. 
[ 19] Pollitz F F. Co-seismic defonnation from earthquake faulting in a 
layered spherical Earth. Geophys J Int. , 1996 ,125: 1 - 14. 
[20] Sun W,Oirubo Sand Fu G. Green's functions af co-seismic 
strain changes and investigation af effect of earth ' s spherical cur-
vature and radial heterogeneity. Geophys J Int. ,2006,167:1273 
-1291. 
[ 21 ] Gilbert F and D.ziewonski A M. An application of nonnal. mod e 
theory to the retrieval af structural parameters and source mecha-
nism from seismic spectra. Phil Trans Roy Soc Lond. , 1975, 
A278,187 -269. 
